EXECUTIVE SUMMARY
Southwest Research Institute (SwRI) and various subcontractors, in a cooperative agreement with the DOE, have developed and tested an advanced magnetic resonance (MR) sensor for several industrial applications and made various market surveys. The original goal of the program was to develop an advanced moisture sensor to allow more precise and rapid control of drying processes so that energy and/or product would not be wasted. Over the course of the program, it was shown that energy savings were achievable but in many processes the return in investment did not justify the cost of a magnetic resonance sensor. However, in many processes, particularly chemical, petrochemical, paper and others, the return in investment can be very high as to easily justify the cost of a magnetic resonance sensor. In these industries, substantial improvements in product yield, quality, and efficiency in production can cause substantial energy savings and reductions in product wastage with substantial environmental effects.
The initial applications selected for this program included measurement of corn gluten at three different points and corn germ at one point in an American Maize corn processing plant. The development of the system and these earlier applications were described in detail in DOE publications DOE/ID/12726-I, November 1989; DOE/ID/12726-2, April 1991 ; and DOE/ID/I 2726-3, August 1994).
During the initial phases (I and II) of this program, SwRl developed a prototype advanced moisture sensor utilizing NMR technology capable of accurately and reliably measuring moisture in industrial applications and tested the sensor in the laboratory under conditions simulating on-line products in the corn wet milling industry. The objective of Phase Ill was to test the prototype sensor in the plant environment to determine robustness, reliability and long term stability. Meeting these objectives would permit extended field testing to improve the statistical database used to calibrate the sensor and subject the sensor to true variations in operating conditions encountered in the process rather than those which could only be simulated in the laboratory.
In Phase Ill of the program, successful tests were conducted the four different locations in the American Maize corn wet milling plant in Dimmitt, Texas. A fifth test was conducted, after returning the system to the laboratory, on dried milk samples from DCCA (Dairymen's Cooperative Creamery Association) to show the system's diverse capabilities. Extended field testing successfully demonstrated robustness, reliability and stability in the plant environment. The NMR sensor's electronic hardware, in itself, did not once fail or malfunction during the field test period. Software modifications were made to accommodate unusual signal conditions encountered during process startup and shutdown.
Some mechanical problems were encountered with the sampling apparatus. In one case, product leaked and was trapped between the sampling piston and cylinder causing the need for a substantially increased force to move the piston up and down. The increased force caused one of the sampling components to fail. The component was upgraded during the field test. This problem would not have occurred if the sampling drawer, which provided a means to remove the actual samples subjected to NMR measurement for standard laboratory analysis, had not been used. The transitions caused by the drawer allowed leakage that would have occurred in a smooth tube (cylinder).
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A second problem involved material handling at one of the test sites (rotary vacuum filter output.) Wet gluten (-5560% on a wet basis) stuck to and clogged the output chute of the sampling system. This prevented unattended operation at this site as the exit trough from the screw conveyor became plugged within 1-3 days if left unattended. It should be noted that American Maize does not try to handle this product in any conveyor. This product normally falls from the rotary vacuum filter output and is mixed with recirculated dry gluten (-1 2% moisture) in a long screw conveyor to achieve a moisture level (-48% moisture) which makes the material much easier to handle. These severe handling problems were not anticipated when this site was chosen. American Maize stated knowing the moisture at this point would be of interest, but the product was too difficult to handle.
The correlations between NMR data and laboratory gravimetric moisture measurements were quite good once problems with laboratory reference measurements were resolved. Some modifications were also made to the NMR magnet and sample coil to obtain a more rigid assembly which would not be affected by high levels of vibration encountered in the plant. Typical standard errors encountered in the corn gluten measurements were 0.3% moisture (the goal was 0.1-0.2%). Considering the accuracy limitations of the gravimetric methods and the high level of product handing and shipping delays to the point at which the gravimetric methods could be applied, the results were reasonable. The laboratory measurements of corn germ and dried milk product moisture showed good correlations to gravimetric methods for reasonable moisture ranges. However, the corn germ and milk product moisture ranges encountered in the process were very small. Standard deviations for corn germ was typically 0.4% and for a dried milk product was typically 0.1 %. Reasonable correlations between NMR and gravimetric data can not be obtained for very low moisture ranges.
The system is capable of measuring moisture values over the range of one to over 60 percent moisture wet basis (almost twice the range requested in the original Program Research and Development Announcement). The results were very encouraging. Since this device was a prototype, flexibility was emphasized at the expense of potential production cost. With optimum specifications defined, production units can be designed and constructed with concomitant cost savings. To this end, additional work directed towards economic and technical feasibility of commercializing an advanced MR sensor was conducted. Borrowing from the historical information of the development of other on-line sensors (process GC, NDIR, NIR, Mass spec, capacitance, nuclear, microwave, etc.), the coordinators of the market survey predicted a relatively slow development of the market ($5-10M by the end of the decade). An extensive market survey report and bibliography were provided by the marketing consultants (PA1 Partners and Townsend Agency) to DOE, QM, and SwRI.
A later application for which the system was applied to was the measurement of the rheological properties of black liquor used in paper mills. Within this recent work, a cost and preliminary performance analysis of rheological property measurement applications was performed. The results of these analyses were used as a basis for a market study. End users and equipment suppliers were contacted. Market size and price elasticity was determined, and competing technologies and any significant barriers to market penetration were identified.
To determine the suitability to this application, laboratory measurements on several representative samples of black liquor were made at temperatures from 25 to 130°C and pressures typically present on a black liquor sampling stream. Conventional relaxation, quantitative, and self-diffusion data was obtained. From this data, operational requirements for the previously developed MR system were determined.
iii Modifications were made to the system. Modifications included high temperature/pressure handling, flow stream heating for maintaining nominal product temperature, flow stream interface, and control and signal processing changes. A several month flow loop test at the University of Florida (UF) was carried out. The substantial data was collected, analyzed, interpreted and compared to standard data.
The data indicated that the MR relaxation parameters for a given black liquor correlate well with the viscosity of a given black liquor. Changes in the composition of the black liquor (e.9. the differences that exist between the Canadian Forest and Georgia Pacific black liquors) also effect the MR relaxation times irrespective of the viscosity. In other words, the MR viscometer can provide quantitative viscosity information if the nature of the black liquor is known, but the technique breaks down if there are large changes in the composition of the black liquor. The lack of correlation between the MR relaxation times and the viscosity does not imply a breakdown in the theory presented. The relaxation theory does not take into account changes in the composition of the materials being investigated, so one cannot expect that the relations will necessarily hold for black liquor samples taken from very different sources.
When we make the conclusion that the MR data does not correlate well with the viscosity when the black liquor composition is unknown, we are assuming that the HAAKE viscometer data obtained by UF is correct. If for some reason the conventional viscometer data is wrong, then we have no way to correlate the MR data with a known viscosity.
The MR viscometer data is somewhat effected by flow, but these flow effects may be avoided by changing the geometry of the transmiffreceive rf coil system. If the transmit coil is larger than the detection coil, then flow will cause an apparent reduction in the MR relaxation times. wt moisture (wb), reliable operation with sample temperatures to 350°F in harsh environments, and a design that would be economical to produce and maintain.
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The Advanced Moisture Sensor Research and Development program, which began in April of 1988, was originally proposed with three phases (concept development and laboratory study, prototype fabrication and testing, and industrial testing and verification). These original three phases were successfully completed. The Technology Transfer (Task 5) portion of Phase 3 was extended to evaluate the economic and technical feasibility of commercializing the advanced moisture sensor prototype unit. This extension was partially completed as will be summarized in Section 4.6. An additional effort provided for additional investigations and analyses into reological applications of NMR. Within this additional effort, the following tasks were performed: cost and market analyses, laboratory measurements on black liquor products, modification of the previously developed NMR system to accommodate flowing black liquor product at process temperatures, flow loop tests at the University of Florida in Gainesville, and analysis of the collected laboratory and flow loop data and reporting of the findings. The overall program is described in the following paragraphs.
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PHASE I -CONCEPT DEVELOPMENT AND LABORATORY STUDY
A Concept Development and Laboratory Study was conducted to determine the technical and economic feasibility of the proposed sensor. Meeting the objectives of this effort resulted in the development of a rugged low maintenance MR sensor as well as innovative measurement techniques widely applicable to process control in industrial plants. The phase included three tasks:
Task 1-Develop Sensor Concept & Investigate Feasibility
A literature search was performed to examine other techniques for monitoring moisture in drying processes. The search revealed 45 potentially useful papers of which 30 were relevant to the program. The conclusions of the literature survey were that magnetic resonance is an attractive sensing technique offering high accuracy, reliability, and flexibility without sensitivity to a number of extraneous parameters such as sample packing density and homogeneity.
Applicable processes representing major users of industrial drying energy including agricultural products, food processing, lumber and wood products, textiles, and paper were investigated. From these industries, corn wet milling, the largest single user of industrial drying energy, was selected as the most appropriate process. An American Maize corn wet milling plant in Dimmitt, Texas, agreed to participate in the program.
After significant investigation and experimental efforts, a development plan for the HTNMR probe was defined. It was determined that a piston sampling system, which was later patented, would optimize the probe configuration. A resonant frequency of 11.25 MHZ was selected to allow use of a relatively low cost permanent magnet.
Task 2 -Develop Sensor System
During this task, the sensor, sampler and environmental simulator were designed and fabricated. Additionally, a test plan and matrix for evaluation of the sensor was developed and approved. Costs were minimized by concentrating only on the probe (magnet, sensor coil, and tuning capacitor) design and utilizing laboratory electronics for testing. It was decided to postpone development of electronics for the probe until Phase 2 of the program. Following completion of designs, the probe and sampler were fabricated, debugged, and successfully performance tested. After minor modifications, the experimental tests, as defined in the approved test matrix, were conducted.
Task 3 -Verification of Technical & Economic Feasibility
The probe was experimentally tested by conducting measurements on samples from the matrix as described in the test plan. Results of testing showed that using FID data, moisture measurements were feasible to levels of 35% and by using CPMG data, accurate measurements could be made to levels of -70%; by combination, it is technically feasible to make measurements in the range of 0 to 70%. Additionally, an offset preventing the curve from passing through the origin was attributed to oil content.
While costs of energy saved by using the sensor was determined to be small, it was demonstrated that deployment of the sensor was economically feasible. Accurate control of moisture content to prevent overdrying products sold by weight results in more product sold. In the corn wet milling operation, controlling moisture content to an allowable 12% would result in an additional $75,000 of product sold annually, more than offsetting the projected sensor cost.
3. PHASE 2 -PROTOTYPE FABRICATION AND TESTING @ Prototype Sensor Fabrication and Testing encompassed design, construction, and laboratory testing of a complete MR system incorporating the sensor from Phase I. The design objectives were attained with the inclusion of several novel features resulting in a state-of-the-art system for field testing.
Task 1 -System Design and Fabrication
Figure 1 is a block diagram of the MR prototype system designed and fabricated during this task. An industrial computer (IBM AT compatible with passive backplane) was incorporated for system control and data analysis. Control information to define pulse sequences required for a particular experiment are transferred from the computer to the pulse programmer. Logic pulses from the pulse programmer are used to gate phased RF bursts in the Oscillator and RF Switch unit. The generated RF burst stream is coupled to the input of the RF pulse amplifier. The RF power amplifier output is coupled via the T/R network to the MR probe. Low level signals from the probe are coupled via the T/R network to the preamplifier and receiver; the output of which is digitized. The computer reads and analyzes the digital signals and calculates moisture content which is displayed on the front panel and converted to a 4-20 ma signal for use by other systems. Additionally, the computer monitors system status and controls the sampling mechanism.
The system, as described, was fabricated with the probe and sampling mechanism being installed in a separate package from the electronics. The electronics were housed in a NEMA 4X stainless steel enclosure intentionally oversized to provide access for adjustment and modification. Appropriate software for -the computer was written and debugged on the a operating system. 
Task 2 -Lab Testing and Analysis
Extensive testing of the HTNMR system in the laboratory was conducted using the test plan and environmental simulator. Analysis of test data determined techniques to be used in field testing. The sensing technique was found to be applicable to moisture measurement over a range of 0 -70% (wb) and also capable of simultaneously determining oil content of the product. The piston sampling system performed satisfactorily and the electronic system proved to be reliable and accurate.
PHASE 3 -INDUSTRIAL TESTING AND VERIFICATION
Industrial Testing and Verification, commenced in June of 1991. Successful tests have been conducted at four different locations in a corn wet milling plant. A fifth test was conducted after returning the system to the SwRl laboratory on dried milk products to confirm the system's diverse capabilities.
Task I -Dryer Output Test
The first field test was conducted on gluten at the flash dryer output which should output gluten with a nominal 12% (wb) moisture content. Because this was the first field test, several system problems were encountered and solved during installation and setup before meaningful results were obtained. Additionally, initial independent laboratory test results were deficient and a credible source had to be established before correlation with field data could be made. After the difficulties were alleviated, however, the test was completed successfully. Good correlation was demonstrated between MR measurements and laboratory analysis of samples. Standard deviation for moisture differences between field measurements and laboratory analysis was 0.37%, which was considered good, although short of the 0.2% goal. 
Task 2 -Dryer Input Test
Gluten at the dryer input was monitored during the second field test. Moisture content was nominally 48% (wb). Minor mechanical modifications to the sensor were required, but following installation, successful testing commenced. Results were comparable to the first test; correlation between field measurements and laboratory analysis for moisture within 0.3% to 0 0.4%.
Task 3 -Rotary Vacuum Filter (RVF) Output
Following completion of testing at the gluten dryer input, the system was returned to SwRl for fitting and testing with a conveyor required for testing at the third site. High moisture content (-55% wb) and cohesiveness of the gluten at the RVF output caused unanticipated handling problems requiring additional mechanical modifications to the system before testing could begin. Once the handling problems were addressed, testing results comparable to those from the dryer input test were attained. It was not possible to conduct long term tests at this site due to blockages of the material after a period of a few days.
Task 8 -Germ Dryer Output
Before testing at the germ dryer output, a different conveyer was fabricated and installed; however, as in the other three tests, no changes were required to the sensor. Field testing was completed successfully at the fourth site. Laboratory analysis and data correlation yielded results not as good as had been obtained on the gluten. The dried germ typically has low moisture (2 to 4%) and high oil content (-50%). It was difficult to measure a low amount of moisture in a high level of oil.
Task 9 -Powdered Milk Products
Other agricultural food products, including onions, garlic, carrots, squash, and milk products were investigated and tested in the laboratory as candidates for a fifth test. Of these, milk products were most promising. Further testing on powdered milk were conducted at SwRl using the field system. Results were generally satisfactory. 'as perceived that a substantial market existed for this system i..Ihen furth development into a cost'effective production system was pursued. The DOE authorized SwRl to continue the cooperative agreement as a technology transfer to an appropriate commercial enterprise (industrial partner) for the purpose of industrial application of the sensor.
Quantum Magnetics of San Diego, California (QM) was selected and agreed to be the industrial partner with SwRl for this technology transfer. As such, Quantum was to be responsible for marketing, manufacturing, sales, and service of eventual products.
Although significant knowledge was gained from applying the advanced moisture sensor in a corn wet milling plant, effecting solutions to many technical problems, little factual data was gathered, or existed, regarding market potential for industrial magnetic resonance sensors. Addressing the market and determining probability of success were the objectives of this phase.
I Preliminary Product Specification
The prototype MR advanced moisture sensor was developed to be extremely versatile and functionally adaptable with minimal consideration given to cost or manufacturability. A preliminary product specification was produced to document initial understanding of requirements for the production industrial MR. Particular emphasis was given to industrial user requirements including ease of integration and minimization of service and maintenance.
The following areas in the previously developed system were cited where improvements could be done: The preliminary product specification in its initial form was used to generate the specification sheets distributed for the market survey.
Preliminary Production Design/Cost Analysis
A preliminary design with sufficient detail to permit cost analysis was performed. The design embodied the approved product specification and had sufficient detail to allow determination of approximate cost to build as a function of configuration and quantity.
The magnet is currently the most expensive component in the MR sensor. Within the current design, a stable and homogeneous magnetic field is critical for accurate measurements. A review was conducted to determine actual requirements for the magnet and investigate alternatives to the current design that could result in a lower cost and more reliable magnet system.
The most critical component, from a reliability perspective, is the sampler used to convey product through the probe (magnet and sample coil). Because the sampler contains moving parts, it is a weak link; however, also extremely significant because sampling may provide a uniquely simple method of measurement that could standardize the magnet independent of application. The risks of using a sampling system versus the cost impact of variable size magnets were examined and evaluated.
A preliminary design was executed utilizing the product specification, existing design documentation, and results from the maanet reauirements review task. Some electrical, mechanical, and system engineering were lperformed to provide the basis for determination of @ probable manufacturing costs. To design the questionnaire for use in the field survey, results from the market research were analyzed and a sample frame developed. From the sample frame, a population was defined. The questionnaire was generated using the hypothesis developed.
Market Definition/Survey
The field survey was conducted using telephone interviews of a sample of the selected population. A mail survey was also conducted. There were a total of 85 respondents.
Results of the market research and field survey were detailed in an extensive report provided by PA1 Partners and Townsend Agency. A summary of this report is included in Appendix A.
The data (product) sheet, survey questionnaire, and cover letter mailed to representatives of various selected industries are shown. Instrument manufacturer must become knowledgeable about the processes of potential customers 2)
The supplier must have full sample data prior to quotation 3)
Cooperative arrangements with customers benefit both parties
4)
The supplier must take application responsibility
5)
The instrument design should be standardized to some degree but also simple to alter 6) Process customers, unlike lab customers, seek a solution to a specific application need
Borrowing from the historical information of on the development of other on-line sensors (process GC, NDIR, NIR, Mass spec, capacitance, nuclear, microwave, etc.), the coordinators of the market survey predicted a relatively slow development of the market ($5-1OM by the end of the decade). An extensive market survey report and bibliography were provided by the marketing consultants (PA1 Partners and Townsend Agency) to DOE, QM, and SwRl. A condensed version of the report is included in Appendix A.
Analysis / Go -No Go
Following submission of the marketing report, DOE, SwRI, and Quantum analyzed and evaluated the information. There was a consensus that a limited market existed for an advanced moisture sensor. A slow growing market was predicted and considerable inroads by existing MR sensor companies caused a redirection of the program in line with the new proposed effort into rheological applications.
RHEOLOGICAL APPLICATIONS
The work for rheological applications was accomplished in the following five (5) tasks.
Task 1 -Cost and Market Analyses
A cost and preliminary performance analysis of rheological property measurement applications utilizing NMR technology was performed. Applications included black liquor and other liquor measurements, polymers, chemical, petrochemical and petroleum products. The results of these analyses were used as a basis for a market study. End users and equipment suppliers were contacted. Market size and price elasticity was determined. Competing technologies and any significant barriers to market penetration were identified. A document prepared by Dr. Geoff Barrall of QM including a concise explanation of NMR theory and relationships to viscosity and brief descriptions of competing viscometers is included in Appendix B.
QM who is primarily responsible for this task has subcontracted part of the Market Analyses task to The Townsend Agency (TTA), San Diego, Ca. TTA began by developing a schedule for the market study which has been followed by both QM and TTA. After developing the market study time line, I T A researched pulp and paper industry trade shows to determine which should be attended as part of the market study. QM provided TTA with a summary of the technical information acquired to date on the project. Both QM and TTA used this information to develop a list of interview questions to be asked of potential competitors (rheometer and viscometer companies) and U. S. Department of Energy university and industry representatives. QM performed an extensive literature and patent search which is currently being reviewed for relevant journal articles, government reports and patents.
Using the results of the scheduled interviews, a end-user survey to distribute among industry representatives was compiled. Distribution included mail surveys, phone surveys and personal interviews at the TAPPI Engineering Conference (September 16-19, 1996, Chicago, IL). Armando De Los Santos of SwRl and Geoff Barrall of Quantum Magnetics attended a black liquor review meeting at the University of Florida (UF) on 15 August 1996. Some communications with representatives of paper mills were conducted. While the NMR data correlations to reference viscosity measurements were consistent for types of black liquor, correlations to a variety of different black liquor types were not as good as desired. Additional data was provided at the time of the meeting for additional correlation studies. However, NMR has the capability to measure more aspects of black liquor properties such as solids content, sodium content and potentially carbon content. This was of interest to the paper mill representatives.
Geoff Barrall of QM and Jackie Townsend of The Townsend Agency (TTA) attended the TAPPI Engineering Conference (September 16-1 9, 1996, Chicago, IL) where more end-user industry representatives were interviewed. A questionnaire was distributed and collected during the conference. Some additional personal interviews were performed. The market study report is included in Appendix C.
Task 2 -Laboratory Measurements
During the second task, laboratory measurements of black liquor samples were made. Measurements were made on 12 representative samples at temperatures from 25 to 130 C at typical pressures present on the sampling stream. Conventional relaxation, quantitative, and self-diffusion data was obtained. From this data, the operational requirements modifications to the existing DOE system were determined. Constraints were reasonable modifications to the existing system which will be addressed in the third task.
Dr. Oscar Crisalle and graduate student, Mr. Tony Dutka, provided 12 black liquor samples. The solids content of the samples ranged from 28.34% to 82.06%. Relaxation data, TI and T2, was taken at room temperature, 1 OOOC, 1 20°C, and 140°C. Some of this data is summarized in Tables I and 2 . The TI data shows a consistent variation with solids content within temperature ranges with the exception of sample 6 which shows characteristics similar to samples 9 and I O . From these initial results, we expect the TI measurement to provide the best correlation to the solids contentlviscosity of the black liquor. The system was programmed to also make the T2 and signal magnitude measurements during the field tests. Due to the difficulty in achieving uniform sample temperature during laboratory tests, some inconsistencies in this data is expected.
The correlations between solids content, viscosity and the NMR relaxation times were good with the exception of samples 3 and 6. After discussions with the UF personnel, it was clarified that these two samples were of a different type of black liquor. From the limited data taken in the lab, a relationship between the NMR parameters and provided black liquor data was determined. From this initial data, the TI measurement provided the best correlation to the solids contentlviscosity of the black liquor. The preliminary relationship between TI and viscosity is shown in Figure 2 . Some extrapolation was necessary to generate this curve. The system was also programmed to make the T2 and signal magnitude measurements during the field tests. QM also analyzed the NMR laboratory results provided by SwRl. These results included data from both the TI and Tz relaxation time experiments conducted over a wide range of temperatures on black liquor samples of varying solids content. QM analyzed the data to determine the correlation between the NMR results and the black liquor solids content. These preliminary results indicate that there is a strong correlation between the black liquor solids content and the NMR relaxation times and signal amplitudes. QM also corresponded with UF to gain more detailed information on the test samples provided to SwRI. UF was not able to provide the information necessary to correlate the NMR data to the black liquor viscosities over the range of temperature in the experiments, so QM will not attempt to correlate these preliminary results with the black liquor viscosity.
Task 3 -System Modifications
During the third task, modifications were made to the existing system. Modifications included high temperature/pressure handling, flow stream heating for maintaining nominal product temperature, flow stream interface, and control and signal processing changes.
Drawings showing various aspects of the sensor are shown in Figures 3 -7 . Figure 3 shows the outside views and external dimensions of the sensor. The sensor will interface directly to the 1 inch thin wall stainless steel tubing used for the viscometer loop. Figure 4 shows similar views but also shows some of the internal components such as the magnet assembly and RF (sample) coil. Figure 5 shows the probe base footprint and two electrical signal connectors which allow for the appropriate connections to the main electronics unit which is illustrated in Figure 6 . Only three of the six external electrical connectors shown in Figure 6 were used. Note: Magnet will be heated to a nomina1200 degrees Fahrenheit Figure 7 . Details of sensor
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After some testing and adjustment, the overall system operated well. Since TI provided the best laboratory data correlations, we wanted to implement a fast TI sequence to acquire more rapidly. QM provided SwRl with information necessary to perform fast TI relaxation time measurements utilizing a technique developed at QM. Initial results indicate that the technique is performing well but the results were not used to compute the TI data. Since we still had minimal experience with this sequence in this application, we decided to acquire the data and post process it. A fast version of a standard saturation recovery sequence was used to provide the data for the computation of the TI. The system was shipped to UF on 6 March a
Task 4 -Flow-Loop Tests
During the fourth task, a five-month flow loop test at the University of Florida was carried out. The modified system was installed at the University of Florida flow-loop facility and used to collect data for a period of several months. The system operated well at the University of Florida facility throughout the course of the test. The resulting data was analyzed, interpreted and compared to standard data as available. The data analysis and interpretation was primarily conducted by QM.
The system was unpacked and installed in the flow loop on 8 March. The installation went very well. With the assistance of a SwRl engineer, the system was installed on-line and operational in less than a full day. Some data was obtained the same day. Some minor software bugs were identified and fixed over the course of the next few days. The bugs did not prevent valid measurements to be made.
Some preliminary analyses of data obtained during this initial visit have been made and are described in the next section (Task 5). Due to problems with the UF data acquisition system and other flow loop issues, measurements continued through the time frame of mid-March to August.
Task 5 -Analysis and Reports
During the fifth task, the results of the flow loop tests and technical changes were incorporated into the data analysis and marketing reports. This final report summarizes the laboratory measurements, the system changes and installation, the flow-loop test results, and the market analysis.
QM developed an analysis program to automatically process the NMR data, extract NMR relaxation times and amplitudes, and correlate this data with the system temperature, solids content and viscosity. Figure 8 shows some initial results showing the dependence of the TI relaxation time on the black liquor temperature. The data was taken over a two day period using the same batch of black liquor. Note that for a given black liquor sample, changes in temperature correspond to known changes in viscosity. The automated analysis program was developed in anticipation of the hundreds or thousands of data sets which will be generated during the flow loop testing. A total of four installments of data from the UF flow loop tests were received. Flow loop experiments have been performed on four different black liquors at varying temperatures. The standard data received from UF includes viscosity-temperature calibrations for the various black liquor samples variations in the MR parameters to the viscosity itself can be compared.
A report summarizing the field tests and data analysis is included in Appendix D.
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CONCLUSIONS e
Southwest Research Institute (SwRI) and various subcontractors, in a cooperative agreement with the DOE, developed and tested an advanced magnetic resonance (MR) sensor for several industrial applications and made various market surveys. The original goal of the program was to develop an advanced moisture sensor to allow more precise and rapid control of drying processes so that energy and/or product would not be wasted. Over the course of the program, it was shown that energy savings were achievable but in many processes the return in investment did not justify the cost of a magnetic resonance sensor. However, in many processes, particularly chemical, petrochemical, paper and others, the return in investment can be very high as to easily justify the cost of a magnetic resonance sensor. In these industries, substantial improvements in product yield, quality, and efficiency in production can cause substantial energy savings and reductions in product wastage with substantial environmental effects.
Successful tests were conducted at four different locations in the American Maize corn wet milling plant in Dimmitt, Texas. Extended field testing successfully demonstrated robustness, reliability and stability in the plant environment. The NMR sensor's electronic hardware, in itself, did not once fail or malfunction during the field test period. Software modifications were made to accommodate unusual signal conditions encountered during process startup and shutdown. Some mechanical problems were encountered with the sampling apparatus. In one case, a special sampling mechanism used only to allow a means to remove the actual samples subjected to NMR measurement for standard laboratory analysis cause a long term reliability problem. The transitions caused by this special sampling drawer allowed leakage that would have occurred in a smooth tube (cylinder). In the second case, the material was too sticky to allow long term operation without plugging. It should be noted that the plant does not try to handle this product in any conveyor.
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The correlations between NMR data and laboratory gravimetric moisture measurements were quite good once problems with laboratory reference measurements were resolved. Some modifications were also made to the NMR magnet and sample coil to obtain a more rigid assembly which would not be affected by high levels of vibration encountered in the plant.
Typical standard errors encountered in the corn gluten measurements were 0.3% moisture (the goal was 0.1-0.2%). Considering the accuracy limitations of the gravimetric methods and the high level of product handing and shipping delays to the point at which the gravimetric methods could be applied, the results were reasonable.
A study directed towards economic and technical feasibility of commercializing an advanced MR sensor predicted a relatively slow development of the market ($5-1OM by the end of the decade).
A later application for which the system was applied to was the measurement of the rheological properties of black liquor used in paper mills. Modifications made to the system included high temperature/pressure handling, flow stream heating for maintaining nominal product temperature, flow stream interface, and control and signal processing changes. A several month flow loop test at the University of Florida (UF) was carried out. The data indicated that the MR relaxation parameters for a given black liquor correlate well with the viscosity of a given black liquor. Changes in the composition of the black liquor (e.g. the differences that exist between the Canadian Forest and Georgia Pacific black liquors) also effect the MR relaxation times irrespective of the viscosity. In other words, the MR viscometer can provide quantitative viscosity information if the nature of the black liquor is known, but the technique breaks down if there are large changes in the composition of the black liquor. The MR viscometer data is somewhat effected by flow, but these flow effects may be avoided by changing the geometry of the transmitkeceive RF coil system. If the transmit coil is larger than the detection coil, then flow will cause an apparent reduction in the MR relaxation times.
In the trials conducted at UF, other viscometers produced by Brookfield Engineering Laboratories, Nametre, and MicroMotion generally measured viscosity well and demonstrated durability and reliability. In light of the performance and cost of these instruments, it can be concluded that the MR viscometers tested at UF cannot compete effectively for use as a viscometer for on-line use in black liquor recovery. If the MR technology can be used to make other property measurements such as solids content, energy, carbon or sodium content, it could be competitive at a much higher price. The potential to measure some of these parameters has been shown in other work but the tested MR viscometer was not configured for these measurements. Additional work remains to fully explore these possibilities.
